up of 4.2 years, in fully adjusted models, lower HRV was not associated with renal [SDNN: hazard rate, HR = 0.96 (95% confidence interval, CI 0.88-1.05); RMSSD: HR = 0.97 (95% CI 0.88-1.07)] or cardiovascular outcomes [SDNN: HR = 1.02 (95% CI 0.92-1.13); RMSSD: HR = 1.00 (95% CI 0.90-1.10)]. There was a nonlinear relationship between RMSSD and allcause mortality with increased risk with both low and high RMSSD (p = 0.04). Conclusions: In a large cohort of patients with CKD, multiple risk factors for renal and cardiovascular diseases were associated with lower HRV. Lower HRV was not associated with increased risk for renal or cardiovascular outcomes, but both low and high RMSSD were associated with increased risk for all-cause mortality. In conclusion, HRV measured by RMSSD may be a novel and independent risk factor for mortality in CKD patients. 
Introduction
Chronic kidney disease (CKD) is associated with increased sympathetic tone and cardiac autonomic neuropathy, as measured by cardiovascular reflex tests and heart rate variability (HRV) [1] [2] [3] [4] . Cardiac autonomic neuropathy manifests as low HRV on standard electrocardiograms (ECGs). The association between CKD and low HRV is consistent across multiple manifestations of CKD including micro-and macroalbuminuria, decreased estimated glomerular filtration rate (eGFR), and end-stage renal disease (ESRD) [3] [4] [5] [6] [7] [8] [9] . A link between CKD and autonomic function is further evidenced by improvement in HRV with treatment of uremia by initiation of dialysis, increasing dialysis frequency, and renal transplantation [8, [10] [11] [12] [13] . In addition to CKD, other risk factors for low HRV include older age, obesity, diabetes, sedentary lifestyle, low high-density lipoprotein (HDL), high insulin, and elevated C-reactive protein and systolic blood pressure [14] [15] [16] [17] [18] . Generalizing these findings to patients with CKD is restricted because previous studies were limited by small sample sizes and focused on either mild CKD or on patients with ESRD.
In the general population, lower HRV is associated with increased risk for incident coronary heart disease, cardiovascular mortality, all-cause mortality, and ESRD [16, [19] [20] [21] . Among patients with ESRD [22, 23] and in small studies in patients with CKD [17, 24] , lower HRV is associated with increased cardiovascular and all-cause mortality and decline in kidney function. Low HRV, a marker for sympathetic activation, may directly contribute to these adverse outcomes by increasing atherosclerosis, vasoconstriction, arrhythmia, sodium retention, renin release, and blood pressure [1] . Therefore, it is reasonable to hypothesize that lower HRV may be an important marker of risk for cardiovascular events and progression of kidney disease, and may contribute to the excess risk of cardiovascular disease seen in the setting of CKD [25] ; however, this remains to be established in the setting of CKD among patients with a broad range of GFR.
Therefore, the goal of this study was to determine: (1) the factors associated with low HRV and (2) the association between low HRV measured at study entry and the risk of (a) renal outcomes (defined by ESRD or a 50% decline in eGFR from baseline), (b) cardiovascular outcomes, and (c) all-cause mortality in a large cohort of individuals with CKD and a broad range of GFR.
Materials and Methods
The design and baseline characteristics of the Chronic Renal Insufficiency Cohort (CRIC) study have been described previously [26, 27] . Briefly, CRIC is a multicenter observational study that enrolled patients between June 2003 and September 2008. Participants aged 21-74 years with an eGFR between 20 and 70 ml/ min/1.73 m 2 were eligible. The study was approved by the institutional review board at each site and all participants provided written informed consent.
The following data were collected at baseline: demographic information, medical history, medication use, blood pressure, anthropometric measures, and serum and urine for laboratory assessments. eGFR was calculated using the re-expressed four-variable equation from the Modification of Diet in Renal Disease [28] . A standard ECG was obtained in all participants. Renal outcomes were defined by a 50% decline in eGFR or initiation of dialysis or renal transplantation. Cardiovascular outcomes included myocardial infarction, congestive heart failure, and stroke as adjudicated by blinded study investigators using predefined criteria as well as a composite of all three. Participants were followed until death, loss to follow-up, withdrawal from the study, or June 30, 2009 .
ECGs were acquired by trained staff members using a standard protocol and GEMSIT (GE Medical Systems Information Technologies) MAC1200 electrocardiographs. Participants were placed in a relaxed, comfortable, supine or semirecumbent position. Paced breathing was not implemented during the ECG recording. ECGs were interpreted in a central ECG center. HRV can be evaluated using standard 10-second ECGs. In normal individuals, heart rate increases and decreases with breathing and in response to changes in blood pressure. The standard deviation of all normalto-normal R-R intervals (SDNN) corresponds to sympathetic and parasympathetic effects while the root mean square of successive differences between all normal-to-normal R-R intervals (RMSSD) corresponds to parasympathetic function [29] . From these definitions, it is important to note that HRV is actually a measure of R-R interval variability. Baseline SDNN and RMSSD were calculated according to current guidelines for all ECGs that had no evidence of atrial fibrillation or any premature atrial or ventricular beats [30] . Participants without baseline SDNN and RMSSD were excluded from the present analyses.
Statistical Analyses
Participants were grouped by quartiles of SDNN and RMSSD. Baseline characteristics are reported as means and standard deviations or medians and interquartile ranges for continuous variables and frequencies and percentages for categorical variables. Differences between groups were evaluated using ANOVA, KruskalWallis rank sum test, and Pearson's χ 2 test, as appropriate. Multivariable linear regression was used to determine the independent factors associated with SDNN and RMSSD, which were log transformed due to a skewed distribution. Covariates previously associated with HRV or with biologically plausible associations with HRV were included in separate multivariable models for SDNN and RMSSD. Variable selection methods were not used due to recognized weaknesses including incorporation of noise variables and excluding authentic predictors [31] . Nonlinearity was assessed using restricted cubic splines. Interaction terms were evaluated. The interaction between eGFR and diabetes was of particular interest 519 because the relationship between eGFR and HRV may differ by diabetes status [32] . Linear model assumptions were evaluated by examining residual versus fitted plots, normal Q-Q plots of standardized residuals, scale-location plots, and plots of standardized residuals versus leverage.
Separate multivariable Cox models were used to assess the association between baseline log(2)-transformed HRV and the log relative hazard rate (HR) of: (1) renal and (2) cardiovascular outcomes, and (3) all-cause mortality. For each outcome, three models were constructed for both SDNN and RMSSD. A minimally adjusted model 1 included only age, sex, race, heart rate, and CRIC clinical center. Model 2 assessed whether the relationship between SDNN and RMSSD and adverse outcomes was independent of body mass and renal function and included variables from model 1 plus body mass index (BMI), eGFR, and 24-hour urine protein.
Fully adjusted model 3 included variables from model 2 plus systolic blood pressure, education level, tobacco use, lifestyle modification, exercise, angiotensin-converting enzyme inhibitor/angiotensin receptor blocker use, β-blocker use, hypertension, coronary artery disease, diabetes, congestive heart failure, serum calcium, phosphorus, albumin, and uric acid, fibroblast growth factor (FGF23), low-density lipoprotein (LDL) and HDL cholesterol, triglycerides, and C-reactive protein. Linearity was assessed using restricted cubic splines.
Primary analyses were conducted on participants with complete data. Data were complete for most variables with 24-hour urine protein having the highest percentage of missing values (6.4%) followed by hemoglobin A1c (4.2%). Prespecified secondary analyses evaluated whether the relationship between HRV and outcome was modified by age, sex, race, baseline coronary artery disease, diabetes, eGFR, and urine protein. Finally, secondary analysis evaluated whether low HRV was associated with cardiovascular outcomes in participants without a baseline history of myocardial infarction, heart failure, or stroke.
Results
Of the 3,939 participants enrolled in CRIC, 3,245 who did not have atrial fibrillation, or premature atrial or ventricular contractions on the baseline ECG were included in the present analyses. Baseline characteristics of included and excluded participants are shown in online supplementary table 1 (for all online suppl. material, see www. karger.com/doi/10.1159/000357200). Baseline characteristics by SDNN quartile are shown in table 1 . Participants in the lower quartiles were older, had lower education levels, and were more likely to have hypertension, coronary artery disease, heart failure, diabetes, lack of exercise, elevated systolic blood pressure, lower eGFR and albumin, and elevated proteinuria (measured by 24-hour urine collection), parathyroid hormone, FGF23, hemoglobin A1c, and uric acid. Similar results were observed when baseline characteristics were evaluated by RMSSD quartiles (online suppl. table 2).
Using a multivariable linear regression model, the following characteristics were associated with lower logtransformed SDNN and RMSSD: older age, male gender, non-Hispanic whites (vs. non-Hispanic black/African Americans), heart failure, lack of exercise, use of β-blockers, elevated phosphorus and hemoglobin A1c, and lower BMI ( table 2 ). The significant associations between HRV and age were nonlinear. The interaction between diabetes and eGFR was significant. Lower eGFR was more strongly associated with lower SDNN and RMSSD in diabetics than nondiabetics. Diabetes was associated with lower SDNN and RMSSD at lower but not at higher eGFR levels. Urine protein was not associated with either SDNN or RMSSD ( table 2 ) .
After a median follow-up of 4.2 years, 630 participants (19.4%) had a renal event, 425 (13.1%) had a cardiovascular event, and 272 (8.4%) died. The first occurrence of clinical outcomes per 1,000 person years by quartile of SDNN and RMSSD is shown in figure 1 . The rate of renal outcomes, the cardiovascular composite, and all-cause mortality by quartile of SDNN and RMSSD are shown for descriptive purposes in figures 1 and 2 and online supplementary figure 1. In models adjusted for age, sex, race, heart rate, and clinical center, both 50% lower SDNN and RMSSD [a 1-unit decrease in log(2)SDNN and log(2)-RMSSD, respectively] were associated with an increased relative HR for renal outcomes and the cardiovascular composite ( table 3 ; model 1). Additional adjustment for BMI, eGFR, and proteinuria (model 2) attenuated the associations, but all remained significant with the exception of SDNN and renal outcomes (HR = 1.08, 95% confidence interval, CI, 1.00-1.17). In fully adjusted models, lower HRV was not associated with renal or cardiovascular outcomes (model 3).
SDNN and RMSSD were associated with all-cause mortality in both model 1 and model 2, but the relationship with all-cause mortality was nonlinear with increased risk observed for both low and high HRV ( fig. 3 ). In fully adjusted models, low RMSSD was associated with increased risk for all-cause mortality [HR 1.26 (95% CI 1.01-1.58) for a 50% decrease in RMSSD at the median (p = 0.04)], but, as in models 1 and 2, the relationship with all-cause mortality was nonlinear with increased risk observed for both low and high HRV ( fig. 3 ). There was a similar trend with SDNN, though it did not reach statistical significance (p = 0.12).
Given the concern for overadjustment, backward stepwise selection was used to select adjustment variables for model 3 and the findings were consistent (data not shown). There were no violations of the proportion- al hazard assumption and the relationship between log HRV and the log relative HR for adverse clinical outcomes was found to be linear. Secondary analysis of the components of the cardiovascular composite revealed that lower SDNN and RMSSD were associated with increased rates of congestive heart failure in models 1 and 2 ( table 4 ) but not stroke or myocardial infarction. Results were similar when analyses were restricted to participants without cardiovascular disease at baseline (online suppl. table 3). Lower SDNN and RMSSD were not associated with ESRD in Cox models or in secondary analyses with death as a competing risk (online suppl. table 4). In fully adjusted models, neither SDNN nor RMSSD were associated with an increased relative HR for congestive heart failure. There were no significant interactions between HRV and age, gender, race, diabetes, coronary artery disease, eGFR, or proteinuria for any of the outcomes.
Discussion
In a large cohort of patients with CKD, multiple risk factors for renal and cardiovascular diseases including older age, diabetes, elevated phosphorus and hemoglobin A1c, and lower eGFR were associated with lower HRV. Lower SDNN and RMSSD were associated with increased risk for renal and cardiovascular outcomes and all-cause mortality independent of demographics, eGFR, and proteinuria. However, after additional adjustment for other confounding factors, neither SDNN nor RMSSD were independent risk factors for renal or cardiovascular outcomes. There was a nonlinear association between SDNN and RMSSD and all-cause mortality with increased risk with both low and high HRV; there was a significant increased relative hazard for all-cause mortality with both low and high RMSSD. Findings were consistent across subgroups by age, sex, diabetes, coronary artery disease, and renal function.
Our cross-sectional findings, in a large cohort of participants with CKD, are consistent with previous studies in that lower HRV was associated with older age and diabetes. A novel finding is the association between lower HRV and elevated phosphorus. Elevated phosphorus had previously been reported to be associated with another measure of HRV, the ratio of low-frequency to high-frequency power, but not with SDNN or RMSSD [17] . The effect of elevated phosphorus on HRV may be mediated through vascular calcification and arterial stiffness, which are associated with reduced baroreflex sensitivity [33] [34] [35] . Elevated phosphorus is associated with elevated FGF23, which has direct effects on cardiomyocytes and increases left ventricular mass; these effects may partially explain the association between phosphorus and HRV [36] . In fact, heart failure was associated with low HRV at baseline; however, HRV was not associated with heart failure events in longitudinal analysis. Values are means ± SD for continuous variables, medians and interquartile ranges for skewed variables, and n (%) for categorical variables. MI = Myocardial infarction; SBP = systolic blood pressure; DBP = diastolic blood pressure; ACEI = angiotensin-converting enzyme inhibitor; ARB = angiotensin receptor blocker; iPTH = intact parathyroid hormone. Previous studies have revealed a relatively consistent relationship between HRV and both eGFR and proteinuria in cross-sectional analyses [3] [4] [5] [6] [7] [8] [9] . Potential causes of decreased HRV in CKD include renal ischemia, reduced nitric oxide, and uremic toxins [1] . Prior studies have been restricted by small sample sizes or limited numbers of participants with CKD. Our results, in a large sample of patients with a wide range of CKD, confirm that lower eGFR is associated with lower HRV even in multivariable models. However, in the present study, proteinuria was not associated with lower HRV. This is in contrast to previous studies which found lower HRV to be associated with elevated levels of proteinuria [5] [6] [7] . These prior studies differed in that they were evaluating the relation- ship in subjects with normal to mild albuminuria. At these low levels of albuminuria, lower HRV may be a subclinical marker of CKD whereas in those with overt CKD, as in the present study, HRV and proteinuria may not be associated. Further research is necessary to better understand the causal relationship between CKD and low HRV. In longitudinal analyses, lower HRV was associated with renal outcomes independent of eGFR and proteinuria, but it was not associated with renal outcomes in multivariable models. This is in contrast to results from the ARIC (Atherosclerosis Risk in Communities) study, in which low HRV was associated with both ESRD and ICD-9 code-based CKD hospitalization [21] . In the general population, low HRV could be a marker of subclinical CKD and renal ischemia and therefore be associated with increased risk for renal outcomes. Low HRV may also directly contribute to renal function decline via effects on hypertension and diabetes, both of which improve with renal nerve ablation [37] . However, in the present study of patients with overt CKD, low HRV was not associated with renal outcomes. Similar results were noted in the Renal Research Institute CKD Study, in which SDNN and RMSSD were not associated with ESRD in multivariable models, but a frequency domain measure of HRV was associated with ESRD in multivariable models [17] . A potential explanation for the lack of association between HRV and ESRD in these CKD patients is that the underlying risk of ESRD is high enough that HRV does not have any additive predictive value. Despite our findings in multivariable models, it is significant that lower HRV was associated with renal outcome independent of eGFR and proteinuria, two of the most important risk factors for CKD and ESRD. Lower HRV is a well-established risk factor for cardiovascular disease and all-cause mortality in the general population; smaller studies have indicated a similar risk in patients with CKD and ESRD [16, 17, 19, 20, [22] [23] [24] . Previous studies in subjects with renal dysfunction were limited by inclusion of only mild or severe CKD or small sample sizes, which limits adjustment for important potential confounders. Among the CRIC participants who had a wide range of CKD, lower HRV was not associated with increased risk for cardiovascular outcome in fully adjusted models. It may be difficult to detect an effect of lower HRV on these outcomes because of the substantial and significant associations of HRV with several major confounders. Importantly, a nonlinear association was observed between HRV and all-cause mortality, which was significant for HRV measured by RMSSD (p = 0.04) but only marginally significant for SDNN (p = 0.12). Most previous studies assumed or found a linear relationship between HRV and adverse outcomes. However, our finding of a nonlinear association with all-cause mortality is consistent with a previous study in which risk for all-cause mortality was observed for participants in both the first and fourth quartiles of HRV [38] . As discussed above, increased risk for all-cause mortality with low HRV is likely due to increased sympathetic and decreased parasympathetic activity. Increased risk for all-cause mortality with elevated HRV may be a reflection of underlying sinoatrial node dysfunction [39, 40] . Our findings that HRV predicted mortality, but not cardiovascular events and progression of renal disease, raises the possibility that the risk associated with HRV may be mediated by dysrhythmias and sudden cardiac death rather than traditional atherosclerotic cardiovascular disease. However, this is speculative at this time and will require further research.
Decreased HRV may be more than a predictor of adverse outcomes -it is modifiable and may be used as a therapeutic target. In the Diabetes Prevention Program trial, the intensive lifestyle intervention program led to improvement in HRV [29] . A number of other studies have shown that exercise programs increase HRV in dialysis patients and the elderly, and may in part explain the benefit of cardiac rehabilitation after myocardial infarction [41, 42] . In fact, in the present study, exercise was associated with elevated SDNN and RMSSD in multivariable models. This is the largest study of the association between HRV and adverse clinical outcomes in participants with CKD. Strengths of this study include a wide range of CKD and the large sample size. Extensive baseline assessment allowed for evaluation of the association between multiple covariates and comorbidities and HRV, as well as the ability to adjust for these variables in longitudinal analyses. Outcomes were carefully adjudicated by investigators per CRIC protocols. This study makes an important contribution to the literature by demonstrating that while lower HRV may be an important risk factor for adverse outcomes, it is not an independent risk factor for renal and cardiovascular outcomes in this well-defined cohort. This study also suggests that HRV is associated with multiple traditional atherosclerotic risk factors and demonstrates the importance of adequate adjustment for covariates in studying the association between HRV and clinical outcomes. Importantly, we demonstrate that HRV, measured by RMSSD, is a novel and independent risk factor for mortality in CKD patients.
The main limitation of the study is the use of one 10-second ECG to evaluate HRV, which precludes evaluation of longer-term HRV such as low frequency and most likely reflects only parasympathetic cardiac modulation, and may be affected by artifacts. Additionally, HRV from a 10-second ECG has a lower correlation with 24-hour measurements than longer recordings and is less reproducible [43] . Among CRIC participants, the correlation between baseline SDNN and the average SDNN at the 1-and 2-year follow-up visits was 0.55; for RMSSD, the correlation was 0.59. Paced breathing, which may minimize respiratory influences on HRV, was not implemented. While a 5-min ECG tracing is recommended [30] , cardiac autonomic neuropathy from a 10-second ECG was associated with cardiac and all-cause mortality in ACCORD [44] and coronary heart disease mortality in the Women's Health Initiative [45] . Additionally, use of 10-second ECGs is practical as they are commonly obtained in clinical practice. Risk for cardiovascular mortality was not evaluated because cause of death is not available at this time. The ability to generalize these results to all patients with CKD is somewhat limited because the cohort was referred or identified from clinical databases. This is an observational study which limits our ability to assess causality.
In conclusion, multiple renal and cardiovascular risk factors are associated with lower HRV in a large cohort of participants with CKD. Lower HRV was not a predictor of renal or cardiovascular outcomes. However, HRV measured by RMSSD is an independent predictor of mortality. This relationship is nonlinear, both lower and higher levels of RMSSD were associated with increased risk for all-cause mortality.
